Based on the electronic band structure obtained from first principles DFT calculations, the optical spectra of yttrium and neodymium nickelates are computed. We show that the results are in fair agreement with available experimental data. We clarify the electronic transitions at the origin of the first two peaks, highlighting the important role of transitions from t2g states neglected in previous models. We discuss the evolution of the optical spectra from small to large rare-earth cations and relate the changes to the electronic band structure.
I. INTRODUCTION
ABO 3 perovskites form a broad and technologically important family of compounds 1-4 . Depending of A and B cations, they can exhibit a wide range of distinct behaviors -ferroelectricity, piezoelectricity, multiferroism, metal-insulator transition, ... -making them attractive for various device applications 5, 6 .
Amongst perovskites, rare-earth nickelates, RNiO 3 , show on cooling an unusual and very complex phase diagram combining structural, electronic and magnetic phase transitions. Except for LaNiO 3 which remains always in a metallic paramagnetic rhombohedral phase 7 , other RNiO 3 compounds typically show on cooling concurrent structural and electronic transitions from an orthorhombic P bnm metallic phase to a monoclinic P 2 1 /n insulating phase [8] [9] [10] . The structural distortion accompanying this metal-insulator transition (MIT) consists in a breathing distortion of the corner-shared NiO 6 oxygen octahedra, yielding a 3-dimensional checkerboard arrangement of large (N i L ) and small (N i S ) cages compatible with a related charge ordering. The temperature of the MIT is moreover directly linked to the R cation size, or equivalently to the Goldschmidt tolerance factor 11 , and ranges from 100 K for PrNiO 3 to 600 K for YNiO 3 2,12 . Additionally, these compounds also show a low-temperature magnetic transition from paramagnetic to an E'-type antiferromagnetic order 13 . Depending again of the cation size, this magnetic transition can be either independent (small cations) or concurrent (large cations) to the structural and electronic transitions.
There has been a long debate about the origin and mechanism of the MIT in these compounds 14 . It was sometimes considered as a Mott-Hubbard transition 15 . In line with the appearance of the breathing lattice distortion, it was also related to a formal d 8 /d 6 charge ordering at the nickel sites, requiring a negative U 16, 17 . It was however further shown that the electronic configuration is better described by a d 8 /d 8 L 2 occupation for the two nickels. From this, the MIT has been seen as a site-selective Mott transition 18, 19 . Relying on its strong dependence with oxygen rotation motions, the MIT was also recently re-interpreted as a structurally triggered Peierls transition, linked to an electron-phonon coupling 20 . Although some controversies remain, these views are not necessarily in contradiction and it seems now accepted that a proper picture 14 should consider together electronic and atomic degrees of freedom [20] [21] [22] .
One concrete way of probing experimentally the metalinsulator transition of nickelates is from optical conductivity measurements [23] [24] [25] . Indeed, the opening of a gap and the changes in the electronic structure of the conduction bands taking place at the MIT significantly affect the optical spectrum. Moreover, the effect of magnetism on the optical conductivity can also be probed 26 . One limitation of optical conductivity measurements is however that, although they successfully provide a global view on the electronic structure and its modifications, they do not provide direct access to a "state-by-state" analysis. Proper interpretation of optical spectra therefore typically requires to combine measurements with electronic band structure calculations allowing to assign measured peaks to specific electronic transitions.
Optical spectra of nickelates 23 have, up to now, only been reported on thin films [23] [24] [25] . They appear characterised, close to the conductivity edge, by a first main peak with a shoulder followed by a second peak in a range of 2 eV. Other more complicated features then appear at higher energies, but are however sensitive to the substrate 25 . Relying on DMFT calculations 27 restricted to Ni-e g states only, the first peak was assigned to intersite electronic transitions from N i L to N i S sites at the Mott gap while the second peak was interpreted as coming from the opening of a Peierls pseudogap at larger energy linked to the breathing distortion 19, 23 .
As recently discussed, density functional calculations reproduce rather the MIT transition as a Peierls-type transition. Relying on that, it was recently stated 21 that the DFT band structure is not compatible with the observed optical spectra of nickelates, further suggesting that DFT cannot properly handle the physics of these compounds.
Here, we show that DFT calculations correctly reproduce the experimental optical spectra of nickelates, properly accounting for the first peak and its shoulder as well as the second peak. Doing so, we further clarify that the second peak was erroneously assigned to the Peierls pseudo-gap. We highlight that the second peak is related to t 2g -e g transitions, missed in previous analysis based on a simple low-energy model including e g levels only.
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II. METHODS
Our calculations are performed within the DFT 28, 29 formalism as implemented in the Abinit software package [30] [31] [32] [33] . We work within the Projected Augmented Wave (PAW) method 34 , relying on the atomic data from the JTH table 35 . The following valence and semi-core electrons are explicitly included in the calculations : Y 5s 2 5p 6 5d 1 6s 2 , Nd 5s 2 5p 6 5d 1 6s 2 , Ni 3s 2 3p 6 3d 9 4s 1 and O 2s 2 2p 4 . We use the GGA-PBE-sol 36 exchangecorrelation functional. In order to better describe the electronic correlations of the localized Ni 3d electrons, a mean field Hubbard correction is included in the Lichtenstein formalism 37 as implemented in Abinit 38 . We adopt the Hubbard correction U = 1.5 eV which was previously shown to provide accurate description together of the structural, magnetic and electronic properties of YNiO 3 20 . The same value is then used for NdNiO 3 , with the assumption that it is only slightly dependent of the tolerance factor 22 . Calculations are moreover performed within the collinear spin approximation.
We adopt a plane-wave basis set with an energy cutoff of 24 Ha and a grid of special k-points equivalent to 12 × 12 × 12 in the 5-atoms unit cell. This guarantees a level of convergence of 1 meV/f.u. on the total energy. The relaxations are converged up to a maximum force of 5.10 −5 Ha/bohr and a maximum stress of 5.10 −7 Ha/bohr 3 . In order to correctly describe the insulating and metallic phases, we use a Fermi-Dirac occupation of the electronic states, with a smearing temperature of 300 K.
The real part of the optical conductivity is computed using the Kubo-Greenwood formalism 39 . Using Agate [ref] , the origin of the peaks is then related to specific electronic transitions that are analysed from density of states projected on specific atomic orbitals. From that, an interpretation is provided in terms of e g /t 2g transitions. Although conventional and appealing, this interpretation has to be taken with care and considered as only qualitative. Indeed, assessing the role of individual atomic orbital in the optical spectra is complicated by the amount of transitions (various k-points and energy bands) contributing to the optical spectrum at a given energy. Furthermore, the rotation and deformation of the oxygen cages make only approximate the decomposition into e g /t 2g states. Finally, we have to keep also in mind the strong hybridisation between Ni 3d and O 2p states. The most hybridized t 2g and e g levels are marked by a in what follows.
III. RESULTS AND DISCUSSION

A. Ground state properties
Because of the strong interplay between structural, magnetic and electronic degrees of freedom in rare-earth nickelates, we cannot address their electronic and optical properties without evoking at first their structural and magnetic properties.
The high-temperature prototypical reference phase of RNiO 3 nickelates is a priori the P m3m cubic perovskite structure but it should only appear at very high temperatures and has never been observed experimentally. The observed high-temperature metallic phase is of P bnm symmetry. It appears as a small distortion of the cubic reference involving mainly rotations (M + 3 mode) and tilts (R − 5 mode) of the NiO 6 octahedra (see Table I for NdNiO 3 and YNiO 3 ). At the MIT, the system evolves from P bnm to P 2 1 /n symmetry. This P 2 1 /n phase differs from the P bnm phase by the appearance of the breathing distortion of the oxygen cages (R − 2 mode) yielding the appearance of large (N i L ) and small (N i S ) NiO 6 cages distributed according to a rocksalt pattern.
Here, all the calculations are done in the E antiferromagnetic (AFM-E') ground state configuration corresponding to a (↑, 0, ↓, 0) spin arrangement with a propagator vector of ( 1 2 ,0, 1 2 ) in the P bnm setting. As previously discussed 20 , DFT calculations predict the correct magnetic and structural ground states. Moreover, they provide very accurate description of the structural distortions (see Table I ) and the obtained values for the magnetic exchange parameters give a Néel temperature in good agreement with experimental data 20 .
In the cubic reference phase, according to the octahedral environment of the nickel atoms, the crystal field already splits the Ni 3d levels into three lower-energy t 2g and two higher-energy e g states. In the P bnm and P 2 1 /n phases, oxygen rotations and tilts and related cell-shape deformations further increase the splitting between t 2g and e g states. The t 2g − e g splitting being linked both to the Ni-O distance and the amplitude of the structural distortions, it increases from large to small rare-earth atom compounds.
We focus here on the optical spectra of the insulating P 2 1 /n AFM-E' phase. The electronic band structure in this phase and related projected density of states are depicted in Figure 1 DFT calculations, the lowest conduction states are dominantly e g states of the Ni S site while, contrary to another study, empty e g states at Ni L are at higher energy. The gap does therefore not appear as a Mott gap between e g states at Ni L but rather as a Peierls gap between e g states from Ni L to Ni S , directly proportional to the amplitude of the breathing distortion. Since the latter is triggered by rotation and tilt motions, the gap increases as the tolerance factor decreases. We further notice that activation of the breathing distortion also opens a pseudo-gap in the upper e g conduction bands.
B. Optical Spectra
Since the electronic band structure of nickelates is sensitive to the tolerance factor, we compare now optical spectra for representative compounds with small and large rare-earth cations. We consider at first NdNiO 3 (t = 0.96) and compare our results to experimental data from Ruppen et al. 23 . Then, we study the case of YNiO 3 (t = 0.92) and compare the spectra of both compounds, relating changes to the evolution of the band structure.
NdNiO3
The projected electronic density of states around the Fermi level and the optical spectrum of NdNiO 3 are reported in Fig. 2 . We identify a first main peak (peak A in red) in the optical spectrum at an energy of about 0.8 eV, consistently with the value of the energy gap. This peak is associated to transitions from the occupied e * g states of N i L to the unoccupied e * g states of N i S (across the Peierls gap) as shown in the projected band structure on Fig. 2a . Then, a second peak (peak C in blue) appears at an energy of about 1.6 eV and is related to transitions from t * 2g states at N i S to the lowest unoccupied e * g states of N i S .
This assignment of the first and second peaks is different from the intepretation of Ruppen et al. 23 who were relating the first peak to transitions between e g states at N i L (Mott gap) and the second peak to transitions between e g states at N i L and N i S (Peierls pseudogap).
It is worth mentioning that our DFT calculations also reproduce a pseudogap in the unoccupied e g states and we identify a peak (B in green) related to transitions from e * g states at N i L to e g states above the pseudo-gap, in the same range of energy, but the intensity related to these transitions is much too small to explain alone the second peak. Then, we finally identify additional peaks at higher energies, originating from two main kinds of transitions. The peaks D (purple) and E (pink) in figure 2 correspond to transitions from occupied t * 2g at N i S to e g states above the pseudo-gap and from deeper t 2g states at N i L to e * g just above the gap, respectively.
Comparison with experimental data (inset in Fig.  2b ) highlights that, contrary to what was sometimes suggested 21 , DFT optical spectra are not incompatible with measurements. They not only reproduce the first and the second peaks but even the intriguing shoulder observed in the second part of the first peak. From our calculations, this shoulder is related, on the one hand, to transitions from occupied e * g states to the upper part of empty e * g states and, on the other hand, to transitions from the states between the labelled e * g and t * 2g bands (more related to the t * 2g states) and the empty e * g bands. It should moreover be noticed that, as previously discussed, the fixed value of U used in the present study was not optimized for NdNiO 3 but simply transferred from YNiO 3 . As highlighted in Table 1 , this yields a small overestimate of the breathing distortion. Slightly reducing U, would reduce the breathing distortion and the bandgap and would yield slightly more spread peaks, still improving the quantitative agreement with experiment.
Although it was not necessarily guarantee nor obvious, this illustrates that the DFT band structure of rare-earth nickelates is compatible with optical measurements on these compounds. It also highlights the importance of considering explicitly t 2g states while interpreting these data, which was missing in some previous models restricted to e g states.
YNiO3 and comparison
The projected electronic density of states around the Fermi level and the optical spectrum of YNiO 3 are reported in Fig. 3 . The shape and interpretation of the peaks are similar to NdNiO 3 . Now, the location of the peaks is slightly modified according to the evolution of the electronic band structure.
Since the breathing distortion (Table I ) and the bandgap are larger for small rare-earth atoms, the first peak appears at a slightly larger energy for YNiO 3 than NdNiO 3 (see Fig. 4 for the comparison). This is in line with the experimental evolution of the optical spectrum from NdNiO 3 to SmNiO 3 23 . Then, the evolution of the second peak is even more drastic. Moving from NdNiO 3 to YNiO 3 , the Ni-O distances are reduced and the oxygen rotations are increased yielding a larger t 2g − e g splitting and moving the C peak at larger energy.
Finally, as can be seen in Fig. 4 , due to various other additional contributions, the modification of the full spectrum from NdNiO 3 to YNiO 3 is even more dramatic than what would have been be anticipated from the shift of the A and C peaks only. 
IV. CONCLUSION
In this paper, we have reported the optical spectra of rare-earth nickelates, deduced from the DFT electronic band structure reproducing the bandgap as a Peierls gap. Contrary to what was recently suggested 21 , we show that the optical spectrum of NdNiO 3 is in fair agreement with available experimental data and reassigned the peaks highlighting the role of t 2g -e g transitions neglected from previous models. We also highlight significant change of the position of the second peak from large to small rareearth nickelates. 
